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Abstract

In order to investigate. the nondipolar.contxributions.of. spacecraft. magnetic

fields a simple magnetic field model is proposed. This model consists

of a number N of randomly oriented dipoles of strength Mk in a given
volume. Two sets of formulasare presented which give the rms-multipole
field components, firstly for isotropic orientations of the dipoles at
given positions and secondly for isotropic orientations of the dipoles
distributed uniformly throughout a cube or sphere. 'The statistical
results for a cubel(size=8m3) together with individual examples computed
numerically show the following features: Beyond about 2-3m'distance

from the center of the cube, the field is dominated by an equivélent
dipole. The magnitude of the magnetic moment of the dipolar part is
approximated by N1/2M for equal magnetic moments or generally by the
Pythagorean sum of the dipole moments. The radial component is generaliy
greater than either of the transverse components for the dipole portion as
well- as’ for the nondipolar field contributions. 7Part of the résults of
the simple model is compared with magnetic field mappings of IMP-H and

to a lesser extent of Mariner 5 and found generally consistent with the

measurements,



INTRODUCTION

A variety of magnetometers has been employed for measurements of
magnetic fields in space. Ness (1970) reviews these instruments, their
uses and many of their associated problems. One problem that has beenv
dealt with mostly from an experimental viewpoint is that of spacecraft
associated fields.

Observations of the magnetic field in space have been limited, in
part, by the spacecraft associated magnetic fields. These fields origin-
ate from spacecraft power sources (solar arrays, batteries), spacecraft
structure, electrical distribution system, subsystem electronics, and
scientific experiments. Generally, to minimize the effect of these
magnetic fields, the magnetometer sensors have been positioned as
remotely as possible from the main body of the spacecraft, subject to
cost and engineering constraints., In addition, magnetic cleanliness pro-
grams have been carried through with varying success to reduce the space-
craft field by selecting nonmagnetié electronic parts, "backwiring' of
solar arrays and other self-compensating wiring and component techniques.

Recently a method to continuously estimate the spacecraft magnetic
field in flight has been suggested by Ness et al. (1971), which may
further reduce spacecraft field associated‘errors. Using two magneto-
meters this method may allow the complete removal of discrete spacecraft
field events and rémoval of the dipole component of the slowly changing
spacecraff field. Errors due to tﬁe slowly varying higher order moments
of the spacecraft field may still contribute to the spacecraft field
associated part of the overall error.

Thus it becomes important to gain an understanding of the significance

of the non-dipolar terms of the spacecraft magnetic field. The lowest order
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multipole fields are usually the most significant ones in affecting

the magnetic field observations, since the magnetometers are generally
located moderately far from the spacecraft body. We shall attempt to
obtain a simple magnetic model for the spacecraft and compare the results
with observations obtained during the tests of real spacecraft. More
specifically, in the model calculations we consider the various space-
craft field contributions both for individual models and from a

statistical point of view,



IT. THEORETICAL STATISTICAL ANALYSIS OF SPACECRAFT FIELDS

In this section we present some analytical statistical calculations
to gain an understanding of the relative magnitude of the lower multipole
contributions to a spacecréft field. To do this we first have to choose
a model for the spacecfaft field.

In our simple model we approximate the spacecraft field by N dipoles
of magnetic moments Ek with Lﬁkl = Mk.and positions b5 inside the volume
VSC' Each dipolé may represent a spacecraft subsystem or part of a
subsystem. We also note, that the non-dipolar field of a given source
can be represented by a suitable set of dipoles to échieve any wanted
accuracy.

If only the magnitude Mk of the dipole moments and their positions
Xy k#1, .... N were given, then to describe any net field there would
be an infinite number of individual models, which are distinguished by
the different orientations of their N dipoles. Assuming an isotropic
distribution of the dipole orientations with no correlations between
these orientations we obtain the following rms values for the spherical

2
components BR parallel to the magnetometer boom and ‘JBé + Bg perpendi-~

cular to the boom as a furction of distance r along the boom:
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The bars describe the averaging over an isotropic distribution of dipole

orientations., We have chosen the magnetometer boom along the x-axis of

our coordinate system with r = {x| i.e. the distance from the fixed

but arbitrary origin. A sufficient condition for the validity of the

expansibn leading to equations 1a.to 5b is r > max {rk
2, .2 /2

given by r, = x + ¥ + zi =[§kl:. The average of the net nondipolar

part cannot be calculated from the single multipole averages alone ,since

! where r, is
{’ k

correlations exist between the various multipole contributions.

Several points can be seen from equations la to 5b, For the dipole
portion of the field, the rms radial component is VE times the rms.

transverse portion or double the rms - value of B. or B For the

) 8.
quadrupole part, the ratio can vary statistically between 1 and‘vz

depending on the spatial distribution of sources. Another interesting

question is, for what fraction of all possf?%e cases does the BR - component

exceed the transverse component Bg + Bg in the far field region i.e.

for the dipolar part? Since the dipole moment of the spacecraft field

is simply given by M =) M, and the Mk” s are oriented isotropically, the

distribution of M must also be isotropic. The fraction of cases with
1/2 '

BR > <B§ + BS) is then trivially given as L—VG;: = 0,552786
independent of ‘the M 's, N and the x.s.

The above formulas can be used to obtain an estimate of thé
magnetic field of a spacecraft and particularly of the relative magnitude
of its different multipole contributioné. The spacecraft is characterized

by -a distribution of N randomly oriented magnetic dipoles of stfength

Mk and known positions inside the volume Vsc' In general, this volume

&



VSc can be very complicated, consisting of the spacecraft main body and
possible magnetically.active appendages, The approximation of random
orientations is expected to be a generally reasonable assumption.

The only major exception may be caused by the field of a solar array,
which after demagnetization is essentially due to a fairly well known
current distribution with known geometry. Thus it may be easily computed
using well known principles or it may be negligible due to "backwiring"
techniques. Making the latter assumption, which is generally true for
spacecraft of recent origin, we can use the formulas la to 5b quite generally.

In addition to using formulas la to 5b for spacecraft field estimates
an important application is to evaluate the instability of a spacecraft
field due to changes in the subsystem magnetic fields.

Often it can be assumed that the dipole sources are distributed
uniformly in a cube of width 2a or a sphere of diameter 2a in addition
to being oriented in a random fashion. Averaging the mean-square
magnetic fields in formulas la to 5b with respect to position over the
volume of the cube with the origin at the center of the cube, we obtain

the following rms field components:
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A sufficient condition for the convergence of the expansion is
r > ‘ETZ in this case. Averaging over a sphere instead of a cube
yields the factors 4/3, 2/3, 18/5, 12/5, 48/7, 36/7, 100/9 and 80/9
inside the square-root on the right side of equations 6a through 9b,
respectively,

We see, that the rms radial component is always larger than the
rms transverse part of the magnetic field. The ratio
‘\/ < BR >/ €<(B£ + B6)> decreases.as the multipole order increases,
however. Close to the spacecraft, i.e., at r ~ ﬁ?%, the multipole
contributions of low order increase with their order. The transitional

]
case <B2 > = <B2 > is found at r=2.12a or at r=2.12
R, quadrupole

R,dipole

meters for 5=1 meter, as in section ITI. A similar result occurs for
the transverse field components; the transition occurs at r = 2,45a.
The equality between the root mean square dipole and octupole fields
occurs at r = 1.89%a and r = 2.17a for the radial and transverse com-
ponents, respectively.

It is further interesting, to conéi&er the question beyond which
distance do the rms dipole field components dominate the net nondipolar
rms-field compénents? Equations 6a, 6b, 10a and 10b for the cube
show that for the radial component the rms nondipolar field is ~ 56%
of the rms-dipole field at r=4a and ~ 37% at r = 6a. For the transverse
components the corresponding percentages are ~ 68% and ~ 43%, respectively.
At these distances the field is generally strongly dominated by the .
‘dipolar portion. Therefore zeros in the spacecraft field components are
vefy improbahle at these distances.

The rms-results for the net nondipolar field contributions with

a=1mand M = 10007m3 are displayed in Fig. 1 and Fig. 2. We not that



-

2 2
< By > ~Y< By>.

The rms field components are proportional to \,XMi . It immediately

follows, that the few largest sources determine the magnetic field

-

and not a large number of small sources unless the source distribution
falls off very rapidly with source strength, If Mk is the same for all

k, the field components are proportional to \ﬁﬂ Our model also suggests,
that a more seﬁsible way to present the results of magnetic

cleanliness programs is in terms of (magnetic moment)2 per unit

mass rather than in terms of the magnetic moment per unit mass.

In other words, with the same magnetic moment distribution on the
parts-level the net magnetic moment of a spacecraft will be pro-

portional to the square-root of its mass rather than to the mass.



III, NUMERICAL ANALYSIS

For the associated numerical analysis a large number of individual space-
craft field models have been considered with N dipoles of constent
strength M = IOOOym3 and random orientations and random locations in
a cube of volume 8m3. The hondipolar field portions have been
determined by subtracting the pure dipole fields from the total
field components, where the dipole field has been obtained f;om
the far field. The nondipolar portions atre therefore somewhat
inaccurate at large distances.

Figure 1 shows three random samplings for N = 10 to illust*
rate the points made in Section II, It can be seen that the non-

2 2

and max (B§’ BG) and also®/ B_ + B@ become smaller

dipolar parts of B R

R
than the dipolar parts between 2 and 3m, Figure 2 illustrates the
dependence on N for N=1, 5, 50, 100, which is consistent with a
‘fgﬁ- law.

In Fig. 1 and 2 there are two cases with the far-field ]BR lclearly
larger than fﬁBg + ng one case with the inverse inequality being valid
and all other cases showing approximately equality. This is certainly
consistent with the statement of 55% of all cases showing 'BR l> 5;*32-

The nondipolar fields calculated numerically are generally smaller
than the rms nondipolar fields. This is due to the fact that the
most probable values are smaller than the average values for the kind
of distribution of magnetic field values expected'here. This also lends
credence to the procedure of using the formulas derived in -Section II

for conservative estimates of the nondipolar parts of a spacecraft field.
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IV. COMPARISON OF SPACECRAFT FIELD MODEL RESULTS WITH MEASURED FIELDS

It is obviously important to consider actual spacecraft magnetic
field mappings to ascertain whether an observed spacecraft magnetic
field actually possesses any characteristics similar to those described
in sections II and III. Unfortunately, only very few cases are
available where the spacecraft field has been measured as a function
of radial distance along a magnetometer boom. Generally, the field
has been measured for various operational modes at the magnetometer
position only,

We discuss two examples of measured spacecraft fields which are
indicative of the general behavior., Figure 3 shows the-results of
initial magnetic testing of the IMP-H spacecraft without the kick-motor
by Harris (1971, personal communication). The body of the IMP-H space-
craft has ghe approximate shape of a hexadecagon (l6-sided prism) of 1.60
meters length and 1.36 meters diameter. A cube of 1.60 meters edge roughly
encloses the whole spacecraft. The results for the cube of 2 meters edge
chosen for our model calculations in sections II and III can be scaled
down easily to 1.60 m.

Harris (1971, personal communication) reports a variety of tests,
the one most representative of the behavior of the spacécraft in space being
the powered spacecraft test which includes the permeagnetié field and the
stray magnetic field of the spacecraft. As can be seen from Figure 3 for

this case, the radial component X=B_ of the field is significantly higher

R
than either of the two transverse components. This is due to the dipole
moment lying nearly parallel to the boom. It has components Mx=75 gauss.cm3,

: 3
My=0 and Mz=10 gauss.cm , where the z-axis coincides with the spin-axis

and the x-axis with the boom. The dipolar field contributions are shoim
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as dashed lines. Harris (1971, personal eommunication) notes that.in

measuriﬁg the subsystem fields in many cases the z-component possesses
the strongest magnetic field. This is often due to the circuitry being
wired in planes perpendicular to the z-exis. This could be taken into
account in the previous model bj altering the requirement of isotropy
of the dipoles, Nevertheless the radial component. still is observed to
possess the largest field component,

Inspection of Figure 3 also shows that for the radial component
the nondipolar part is certainly much smaller than is. given by the ratio
calculated from the statistical averages in Section II. This result
favors the dipolar part because of the particular orientation of the
dipole moment, however, A statistically more meaningful procedure is to compare
the total dipole field,which is (Bi’ dipole + BS’ dipole + Bg, dipole)1/2

~ B

. in our case,with the total nondipolar field: this makes
R, dipole ' :

the comparison somewhat independent of the particular dipole orientation.
In this more meaningful comparison the nondipolar parts are well within
the values from equations 10a and 10b, if we use equations 6a and 6b for

normaligation,

Because of the relatively large observational errors at
distances above about 3m this statement is not completely conclusive,
however, With respect to the results from IMP-H it should be noted,
that due to backwiring and other techniques to achieve '"'magnetic
cleanliness" aboard the spacecraft, the higher order moment field contributions
will be relatively enhanced compared with the dipole contributions. The
comparison of the model calculations and the observations seems to indicate
that equations 7a through 10b could be used to obtain upper bounds on
the nondipolar field contributions., The measurements also have shown.that

the spacecraft field is very low indeed for IMP-H and that the magnetic

cleanliness program was -therefore successful,
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Another example of spacecraft magnetic fields is pfovided by
Mariner Venus 67. Bastow (1968) reports the following properties
concerning the spacecraft magnetic field, The total measured preflight
spacecraft field (stray and perm) was 7.2 gamma with 7.1 gamma pointing in the
Z-direction (nearly radial from the spacecraft center to the magnetometer
position). In flight the total spacecraft was estimated to be 10.0 gamma
with a Z-component of 8,7 gamma, The radial compbnent of the field was
more than 6 times aé large as the transverse field magnitude preflight
and nearly twice as large postflight., This again compares well with our
model and also indicatesthe variability of the ratio of the radial and

transverse components.



V. SUMMARY AND CONCLUSIONS

We have presented simple magnetic field models for the dipolar
and nondipolar field components of a spacecraft field. The models
consist of N dipoles of strength Mk’ k=1, ....N, with random orient-
ations and given or random locations. Realizing the large variability
of real spacecraft fields, our models suggest the following important
properties on the average:

1. The magnetic moment determining the far field is given
approximatley by the Pythagorean sum of the individual dipole moments.
For equal individual moments the spacecraft magnetic moment is there-

—
fore proportional to ‘!N.

2, The radial field component is generally larger than the field
transverse to the magnetometer boom. For the far field this is true
for 55% of all cases.

3. The dipolar portion of the spacecraft field generally dominates
the nondipolar part beyond about 3a from the center where the spacecraft
has been represented by a cube of width 2a.

4. The spacecraft field is dominated by the few largest sources.

5. These results are consistent with measurements of the field of

IMP H end Mariner 5.
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FIGURE CAPTIONS

Figure 1: Absolute valués of total and nondipolar magnetic field
components for three examples picked at random from a
statistical ensemble made out of 10 dipoles of strength
M=1000 v, cm3 isotropically oriented and uniformly dis-
tributed in a cube of 2m edge as a function of distance
along a "boom": from the center of the cube. For

comparison the rms nondipolar field components are

shown.

Figure 2: Absolute values of total and nondipolar magnetic field
components for three examples picked at random from a
statistical ensemble made out of 1,5,50,100 dipoles of
strength M=1000 v, cm3 isotropically oriented and uni-
formly distributed in a cube of 2m edge as a function of
distance along a "boom" from the center of the cube. For
comparison the rms nondipolar field components are shown.

Figure 3: Magnetic field distribution along boom of IMP-H during
initial testing. The dashed lines show the dipolar parts

for each compoennt (aspproximately zero for Y).
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